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INTRODUCTION 

For many yea r s  the  Bureau of Mines has  engaged i n  r e sea rch  t o  provide technology f o r  
t h e  development of methods f o r  producing o i l  from o i l  sha l e .  The wor ld ' s  known 
re se rves  of o i l  s h a l e  i n  d e p o s i t s  10 f e e t  o r  more i n  th i ckness  and wi th  a n  a s say  o f  
10 o r  more ga l lons  of o i l  per  ton  are  es t imated  t o  r ep resen t  3 . 1  t r i l l i o n  b a r r e l s  of 
o i l  (L).L' The bulk of t h e  wor ld ' s  known o i l  sha l e  r e se rves  are i n  the  United S t a t e s  
i n  t h e  Green R i v e r  Formation which unde r l i e s  p a r t s  of Colorado, Utah, and Wyoming. 
The known o i l  shale  d e p o s i t s  i n  t h i s  formation a r e  es t imated  t o  r ep resen t  600 b i l l i o n  
b a r r e l s  of o i l  i n  d e p o s i t s  a s s a y i n g  25  o r  more g a l l o n s  of o i l  per ton .  I f  t he  sha les  
a s say ing  from 1 0  t o  2 5  ga l lons  per t on  are included, the t o t a l  known sha le  o i l  poten- 
t i a l  of t h i s  formation i s  abou t  2 t r i l l i o n  b a r r e l s .  T o  put t h e  importance of t h i s  
s h a l e  o i l  p o t e n t i a i  i n  i t s  p rope r  l i g h t ,  no te  t h a t  the  proved crude o i l  reserves  i n  
t h e  United S t a t e s  a t  t h e  end o f  1969 were 29.6 b i l l i o n  b a r r e l s  (not inc luding  t h e  
r ecen t  d i scove r i e s  on Alaska 's  North Slope which have n o t  been eva lua ted) ,  and t h a t  
3.2 b i l l i o n  b a r r e l s  of  c rude  o i l  were produced i n  t h e  United S t a t e s  i n  1969 (2). 
Many d i f f e r e n t  ways t o  produce t h e  o i l  from o i l  s h a l e  have been proposed and t r i e d .  
One method which may have economic and environmental  advantages over  the  o the r s ,  
should i t  prove t e c h n i c a l l y  f e a s i b l e ,  i s  r e t o r t i n g  t h e  shale i n  t h e  formation where 
i t  occurs.  This  process  i s  commonly c a l l e d  i n  s i t u  r e t o r t i n g .  Bas i ca l ly ,  t h i s  meth- 
od c o n s i s t s  o f  f r a c t u r i n g  the n e a r l y  impermeable o i l  s h a l e  i n  place,  hea t ing  t h e  
f r ac tu red  o i l  sha l e  by some method t o  r e t o r t  
w e l l s  o r  o the r  s u i t a b l e  recovery systems. 

i t ,  and r ecove r ing  t h e  o i l  produced v i a  

Under c u r r e n t  plans,  t h e  f r a c t u r i n g  requi red  f o r  i n  s i t u  r e t o r t i n g  w i l l  probably be 
accomplished by t h e  use  of e i t he r  convent ional  o r  nuc lea r  exp los ives .  
could produce a l a r g e  m a s s  of broken s h a l e  wi th  p ieces  varying i n  s i z e  from dus t  t o  
s e v e r a l  f e e t  i n  diameter  and va ry ing  i n  a s say  va lue  from n i l  t o  as  much as  50 o r  more 
g a l l o n s  of o i l  per ton .  

E i t h e r  method 

The present  study was conducted t o  determine the  r e t o r t i n g  c h a r a c t e r i s t i c s  of o i l  
s h a l e  ungraded in s i z e  and va ry ing  i n  r i chness ,  s imu la t ing  t o  some degree  t h e  phys ica l  
cond i t ions  of i n  s i t u  r e t o r t i n g .  
mater ia l  w i th  p ieces  as l a r g e  as 20 inches  i n  t w o  dimensions.  The t h i r d  dimension 
w a s  a s  l a r g e  a s  36 inches.  Grade of t h e  charge ,  as determined by F i sche r  assay ,  
ranged from 20.4 t o  48.0 g a l l o n s  of  o i l  per ton .  A i r  rates t h a t  have been i n v e s t i -  
ga ted  ranged from 0.58 t o  3.74 s tandard  cubic  f e e t  per minute per  square  f o o t  of 
r e t o r t  c r o s s  sec t ion .  Yie lds  o f  o i l  as  high as 80 percent  of F i sche r  assay  have 
been obtained . 

In genera l ,  t he  o i l  s h a l e  charge h a s  been mine-run 

Mul t ip l e  l i n e a r  r eg res s ion  a n a l y s i s  w a s  used t o  gene ra t e  equat ions  p r e d i c t i n g  the  o i l  
y i e l d  f o r  g iven  s e t s  of r e t o r t i n g  cond i t ions .  
a b l e s ,  an equation was developed t h a t  accounts  f o r  83  percent  of  t he  v a r i a b i l i t y  i n  
o i l  y i e l d .  
t o  93. 

Using only  c o n t r o l l e d  opera t ing  v a r i -  

Inc luding  ambient c o n d i t i o n s  i n  t h e  r eg res s ion  improves t h e  percentage 

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

Construct ion of  a sma l l ,  10 - ton  batch-type r e t o r t  was completed a t  t h e  Bureau of Mines 

- 
- 1/ Underlined numbers i n  parentheses  r e f e r  t o  i t e m s  i n  t h e  l ist  of re ferences  a t  t h e  

end of t h i s  r epor t .  
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Center i n  Laramie, Wyo., i n  l a t e  1965 (4). 
a u x i l i a r y  equipment is presented i n  f i g u r e  1. 

The r e t o r t  c o n s i s t s  of a c y l i n d r i c a l  s t e e l  s h e l l  6 f e e t  i n  ou t s ide  diameter  by 12 
f e e t  t a l l  surrounding a tapered r e f r a c t o r y  l i n i n g  6 inches  t h i c k  a t  t h e  bottom and 8 
inches t h i c k  a t  the  top. A hinged g r a t e  is made of 1- inch steel p l a t e  per fora ted  
wi th  3/8-inch holes .  
t h e  sha le .  
r ecyc le  gas,  steam, o r  any combination of t h e  th ree .  
t h r e e  sepa ra t ion  tanks,  o r  demis te rs ,  t o  remove the  o i l  from t h e  gaseous products. 

The r e t o r t i n g  system i s  instrumented t o  ob ta in  process  temperatures  and flow r a t e s .  
Sets of four  thermocouples a r e  evenly spaced from t h e  c e n t e r  t o  t h e  ou t s ide  edge of 
the  bed a t  18-inch v e r t i c a l  i n t e r v a l s  t o  ob ta in  bed temperatures  du r ing  r e t o r t i n g .  
Gas samples taken downstream from the  r ecyc le  gas blower a r e  analyzed by a mul t ip l e  
s t ream process  chromatograph. 

For a l l  experiments, a 3- t o  4- inch l aye r  of crushed and s i zed  g r a n i t e  was placed on 
t o p  of t he  g r a t e  t o  prevent  o i l  sha l e  f i n e s  from f a l l i n g  through t h e  g r a t e  t o  p ro tec t  
t h e  g r a t e  from excess ive  temperatures  du r ing  t h e  r e t o r t i n g  of t h e  bottom por t ion  of 
t h e  o i l  sha l e  bed. 
w a s  loaded i n t o  the  r e t o r t ,  t ak ing  c a r e  t o  l i m i t  s i z e  degrada t ion  o r  segrega t ion .  
A f t e r  t h e  o i l  sha l e  w a s  loaded, t h e  r e t o r t  was c losed  and t h e  r e t o r t i n g  opera t ion  was 
s t a r t e d .  

A schematic diagram of t h e  r e t o r t  and i t s  

A n a t u r a l  gas burner  i n  t h e  top  of t h e  r e t o r t  is used t o  i g n i t e  
The gas i n l e t  t o  the  r e t o r t  is  designed t o  permit i n j e c t i o n  of e i t h e r  air ,  

The o i l  recovery system inc ludes  

When t h e  crushed rock l aye r  w a s  i n  p lace ,  t h e  o i l  sha l e  charge 

I n  most experiments performed dur ing  t h i s  s tudy,  t h e  o i l  s h a l e  bed w a s  i g n i t e d  a t  t he  
t o p  using t h e  n a t u r a l  gas burner.  
r ecyc le  gas, i f  used, i n t o  t h e  top  of t h e  r e t o r t .  
through t h e  bed, r e t o r t i n g  t h e  o i l  sha l e  ahead of it. 
completed when the bottom s e t  of thermocouples i n  t h e  bed ind ica t ed  a n  average tem-  
pe ra tu re  of about  900°F. 
medium. 

O i l  sha l e  charges  f o r  most of t he  experiments performed i n  the  10-ton r e t o r t  were pre-  
pared from mine-run s h a l e  obtained from t h e  Bureau of  Mines Anvil  Po in t s  mine near  
R i f l e ,  Colo. 
from an  a r e a  near  Rock Springs,  Wyo. 

Combustion was maintained by i n j e c t i n g  a i r  and 
The combustion zone t r ave led  down 

Retor t ing  was assumed t o  be 

For two experiments, steam was used as t h e  hea t  t r a n s f e r  

Four experiments (experiments 27 through 30) were made wi th  o i l  sha l e  

To prepare a sample f o r  a n a l y s i s  f o r  each charge,  t h e  sma l l e r  p i eces  of t h e  mine-run 
sha le  were sampled by cone and q u a r t e r  methods. 
l imi t ed  t o  20 inches,  w e r e  broken perpendicular  t o  t h e  bedding p lanes ,  and approxi-  
mately one-fourth of each piece was added t o  t h e  sample. This  t o t a l  sample was 
crushed t o  about  1 inch. 
and the  unused remainder was re turned  t o  t h e  r e t o r t  charge. 

For a l l  of t he  experiments performed on Colorado o i l  s h a l e  i n  t h i s  and a previous 
study, t h e  p o t e n t i a l  o i l  conten t  of t he  s h a l e  a s  determined by F i sche r  a s say  ranged 
from 20.4 t o  48.0 ga l lons  per  ton. 
used i n  t h e  cu r ren t  s tudy ,  inc luding  f o u r  charges  of Wyoming o i l  s h a l e  ranging from 
23.5 t o  27.3 ga l lons  of o i l  per ton.  

Determinat ion of p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  t hese  r e t o r t  charges ,  ranging  i n  par- 
t i c l e  s i z e  from sand-grain size t o  p ieces  as l a r g e  as 20 inches ,  was d i f f i c u l t .  
Screening equipment of s u f f i c i e n t  capac i ty  was no t  a v a i l a b l e ;  thus ,  it was necessary  
t o  determine t h e  s i z e  d i s t r i b u t i o n  of each charge by s e p a r a t i n g  t h e  p a r t i c l e s  i n t o  
s i z e  c a t e g o r i e s  by a c t u a l  measurement. Average p a r t i c l e  s i z e s  f o r  t he  charges  used 
i n  t h i s  s tudy  a r e  shown i n  t a b l e  1. 
12.4 inches.  
inches  t o  14.1 inches.  

Larger p ieces ,  over  12 inches  and 

Samples f o r  a n a l y s i s  were prepared from t h e  1- inch material, 

Table 1 shows t h e  o i l  con ten t  of t h e  charges  

These average s i z e s  range from 4.2 inches t o  
When t h e  previous work (5) is  included,  t h e  range i s  extended from 4.2 
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RESULTS AND DISCUSSION 

A summary of the  experiments  performed i n  t h e  lo- ton  re tor t  s ince  t h e  l a s t  r e p o r t  t o  
t h e  American Chemical Soc ie ty  (4) i s  presented i n  t a b l e  1. The experiments are 
ar ranged  i n  increas ing  o r d e r  of o i l  y ie ld .  The o i l  recovery f o r  t h i s  series of experi-  
ments ranged f r o m  9.4 percent  of F i s c h e r  a s s a y  f o r  experiment 22 i n  which steam w a s  
used f o r  r e t o r t i n g ,  t o  7 6 . 3  percent  f o r  experiment 27 on Wyoming s h a l e  i n  which a i r  
and r e c y c l e  gas  were used f o r  r e t o r t i n g .  

Various methods involv ing  the  use  of supplementary energy were used i n  a t tempts  t o  
improve t h e  o i l  y i e l d  d u r i n g  t h i s  series of experiments .  
by t h e  fol lowing:  I n  experiment  17 t h e  n a t u r a l  gas  burner  was operated;  i n  exper i -  
ments 2 4  through 2 6  a i r  and r e c y c l e  gas  were e x t e r n a l l y  heated;  i n  experiment 18 
steam w a s  used ins tead  of r e c y c l e  gas .  Experiments 22 and 23 used superheated s t e a m  
and a mixture  of superheated s t e a m  and heated a i r ,  r e s p e c t i v e l y ,  t o  r e t o r t  charges  of 
un igni ted  o i l  shale .  

Addi t iona l  h e a t  w a s  suppl ied 

Experiment 1 7 ,  which had a d d i t i o n a l  h e a t  suppl ied by the  n a t u r a l  gas  burner ,  yielded 
72 percent  o i l ,  whi le  experiment 20 with s i m i l a r  opera t ing  condi t ions  y ie lded  7 0  per- 
c e n t  o i l  without  a d d i t i o n a l  h e a t .  Of t h e  t h r e e  experiments using heated a i r  and 
r e c y c l e  gas ( 2 4 ,  2 5 ,  and 2 6 ) ,  two had y i e l d s  of  about  50 percent ,  and one had a y i e l d  
.of 74 percent .  The h igh-y ie ld  experiment (25)  had o p e r a t i n g  condi t ions  almost  iden-  
t i c a l  t o  those  of experiment 2 7  which y ie lded  76 percent  o i l  without  heated a i r  o r  
r e c y c l e  gas. Superheated steam proved t o  be of l i t t l e  v a l u e  a s  o i l  y i e l d s  from 
experiments 18, 22,  and 2 3  were low. Based on these  resul ts ,  t h e  a d d i t i o n  of supple- 
mentary energy appears  t o  be of  d o u b t f u l  b e n e f i t .  This  s t u d y  i n d i c a t e s  t h a t  the 
h i g h e s t  o i l  y i e l d s  were obta ined  with a recyc le  g a s - t o - a i r  r a t i o  of  about  1:l while 
i n j e c t i n g  1 cubic f o o t  of a i r  p e r  minute p e r  square  f o o t  of r e t o r t  c r o s s  sec t ion .  
Some of t h e  major f a c t o r s  which may c o n t r i b u t e  t o  low o i l  y i e l d s  are: 

(1) Incomplete r e t o r t i n g  caused by channel ing or  excess ive  r e t o r t i n g  rates. 
( 2 )  Burning of  t h e  o i l  a s  i t  i s  formed dur ing  r e t o r t i n g .  
(3) Loss of o i l  a s  a s t a b l e  m i s t  which was n o t  separa ted  from t h e  s t a c k  gas .  

Losses from these  causes  may b e  minimized by adequate  c o n t r o l  of a i r  and recyc le  gas 
rates and a n  improved recovery system. 

P r o p e r t i e s  of the  c rude  shale o i l s  produced dur ing  t h i s  i n v e s t i g a t i o n  a r e  shown i n  
t a b l e  1. These o i l s  a r e  similar t o  o i l s  produced by o t h e r  i n t e r n a l l y  heated r e t o r t s ,  
i n  t h a t  they a re  dark  and v i s c o u s  and have a c h a r a c t e r i s t i c  odor. They a l s o  conta in  
material concent ra t ions  of  s u l f u r  and n i t r o g e n  compounds. 
t a b l e  2 ,  t h e  o i l s  produced d u r i n g  t h e  c u r r e n t  series of experiments have h igher  API 
g r a v i t i e s ,  lower pour p o i n t s ,  and a h igher  percentage of naphtha and l i g h t  d i s t i l l a t e s  
than o i l s  produced from o t h e r  i n t e r n a l l y  heated r e t o r t s  prev ious ly  s tud ied  by the  
Bureau. 

However, as  shown i n  

The four  experiments (27 through 3 0 )  made wi th  Wyoming o i l  s h a l e  produced o i l  with 
p r o p e r t i e s  s i m i l a r  t o  those  of t h e  Colorado sha le .  The n i t r o g e n  and s u l f u r  concen- 
t r a t i o n s  were s l i g h t l y  lower i n  t h e  o i l  produced from Wyoming s h a l e .  

REGRESSION ANALYSIS OF RETORTING VARIABLES 

I n  a s t u d y  of  the e f f e c t s  of  r e t o r t i n g  v a r i a b l e s ,  a convenient  measurement of t h e  
r e s u l t s  of t h e s e  e f f e c t s  i s  o i l  y i e l d .  O i l  y i e l d ,  i n  t h i s  s tudy,  i s  expressed as  
volume percent  of F i s c h e r  a s s a y ;  t h a t  i s ,  t h e  percent  of t h e  t o t a l  p o t e n t i a l l y  
a v a i l a b l e  o i l  a c t u a l l y  recovered dur ing  the  r e t o r t i n g  process .  

From a t h e o r e t i c a l  s t a n d p o i n t  t h e  y i e l d  should be a f u n c t i o n  of s h a l e  assay ,  s h a l e  
p a r t i c l e  s i z e ,  s h a l e  minera l  matter composition, r e t o r t i n g  gas  f low r a t e  and oxygen 
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con ten t ,  and t h e  r a t e  of h e a t  loss from t h e  r e t o r t .  The r e to r t ing -gas  flow r a t e  
(space v e l o c i t y )  and i t s  oxygen con ten t  are func t ions  of t h e  a i r  and recyc le  gas 
r aces .  
s h a l e  s i z e  can  be c o n t r o l l e d  when r e t o r t i n g  o i l  shale from a given o i l  sha l e  depos i t .  
Heat l o s s e s  from t h e  r e t o r t  can be reduced, bu t  not con t ro l l ed  except by a n  e l abora t e  
and expensive heat sh i e ld .  

O f  t h e s e  v a r i a b l e s ,  on ly  a i r  rate, r ecyc ie  rate, and t o  a c e r t a i n  ex ten t ,  

Using t h e  d a t a  a v a i l a b l e  from a l l  o f  t h e  experiments made i n  t h e  10-ton r e t o r t ,  from 
t h i s  s tudy ,  and the preceding work @), a s e r i e s  of s t a t i s t i c a l  r eg res s ion  ana lyses  
were performed i n  a n  e f f o r t  t o  gene ra t e  a n  equat ion  t h a t  would p r e d i c t  y i e l d  as a 
f u n c t i o n  of the r e t o r t i n g  v a r i a b l e s .  

A f i r s t  o rde r  equation f o r  p r e d i c t i n g  o i l  y i e ld  us ing  a l l  of t h e  d a t a ,  wi th  the  excep- 
t i o n  of t h e  d a t a  from experiments 22 and 23 i n  which steam was used, proved unsa t i s -  
f a c t o r y .  
experiments on Wyoming o i l  s h a l e s  (27 through 30) and d a t a  from a l l  experiments i n  
which ope ra t ing  condi t ions  were changed du r ing  t h e  course  of t he  experiment (1, 5, 6, 
12, 13, 17, 18, 24-26, 31, 32). 
i n g  14 experiments (2-4, 7-11, 14-16, 19-21) wi th  Colorado o i l  shales a r e  presented 
i n  t a b l e  3. 

The f i r s t  two equat ions  i n  t a b l e  3 are f i r s t  o rde r  l i n e a r  equat ions  generated by com- 
pu te r i zed  mul t ip l e  l i n e a r  r e g r e s s i o n  and a r e  of  the  form 

The r eg res s ion  a n a l y s i s  was  then  upgraded by e l imina t ing  d a t a  from the  

The r e s u l t s  from reg res s ion  ana lyses  on t h e  remain- 

Equat ion  1 pred ic t s  o i l  y i e l d  us ing  F i sche r  a s say ,  shale size, and r e to r t ing -gas  
space v e l o c i t y  and r e t o r t i n g - g a s  oxygen con ten t  as  v a r i a b l e s .  
f o r  o n l y  33 percent of t h e  v a r i a t i o n  i n  t h e  d a t a ,  and t h e  F - t e s t  i n d i c a t e s  a 50- 
percen t  chance tha t  no c o r r e l a t i o n  e x i s t s .  Because t h i s  equat ion  provided such poor 
c o r r e l a t i o n ,  t h e  average wind v e l o c i t y  and ambient temperature p reva i l i ng  dur ing  each 
run  w e r e  added t o  the d a t a  i n  a n  a t t e m p t  t o  i nc lude  a n  approximate h e a t  loss func t ion  
i n  t h e  c o r r e l a t i o n .  Equation 2, genera ted  us ing  these  a d d i t i o n a l  v a r i a b l e s ,  showed 
e s s e n t i a l l y  no improvement i n  c o r r e l a t i o n  over equat ion  1. I f  anything, t h e  accuracy 
of t he  p red ic t ed  y i e ld  was decreased .  These r eg res s ion  ana lyses  show t h a t  t h e  v a r i -  
a b i l i t y  i n  t h e  data i s  such that  t h e  y i e l d  cannot be pred ic ted  us ing  a f i r s t  order 
equat ion .  

To de termine  whether second o rde r  e f f e c t s ’  might be important,  equa t ions  of t h e  form: 

This equat ion  accounts 

Y = Bo + B l X l  + BzX1XZ + B3X2 + B4X1 2 + B5X2 2 + 

were i n v e s t i g a t e d .  
a t e d  us ing  a computerized s t epwise  r eg res s ion  a n a l y s i s  program. 
ates a sequence of m u l t i p l e  l i n e a r  r eg res s ion  equat ions  by adding  o r  removing one 
v a r i a b l e  t o  o r  from t h e  equa t ion  a t  each s t ep .  
s t e p  i s  the  one which causes  t h e  g r e a t e s t  reduct ion  i n  t h e  e r r o r  sum of squares  term 
f o r  t h e  equat ion .  

Equations 3, 4,  and 5 of t a b l e  3 are of t h i s  form and were gener- 
This  program gener- 

The v a r i a b l e  added o r  removed a t  each 

Using t h i s  stepwise r eg res s ion  program, equat ions  3 and 4 were generated from a se l ec -  
t i o n  of  35 terms inc luding  seven v a r i a b l e s ,  t h e i r  c r o s s  products,  and t h e i r  squares.  
The o r i g i n a l  v a r i a b l e s  f o r  equa t ion  3 were s h a l e  a s s a y  and s i z e ,  r e t o r t i n g  gas  space 
v e l o c i t y  and oxygen con ten t ,  ambient temperature,  wind v e l o c i t y ,  and average bed t e m -  
pera ture .21  

- 21  

For  equat ion  4 t h e  space v e l o c i t y  and  oxygen con ten t  were rep laced  by 

Average bed temperature w a s  c a l c u l a t e d  by adding a l l  temperatures a t  5-hour 
i n t e r v a l s  and d i v i d i n g  by t h e  t o t a l  number of temperatures used. 
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t he  a i r  and recyc le  r a t e s .  Equations 3 and 4 account f o r  87  and 93 percent  of t h e  
t o t a l  v a r i a t i o n  in the  d a t a ,  r e s p e c t i v e l y ,  and t h e r e  i s  oniy  a 2 . 5 -  and 0.5-percent 
chance, r e spec t ive ly ,  t h a t  no c o r r e l a t i o n  e x i s t s .  

Equations 3 and 4 inc lude  s e v e r a l  uncont ro l led  var iab les - -wind  v e l o c i t y ,  ambient tem- 
pe ra tu re ,  and average bed temperature--and a r e  use fu l  f o r  eva lua t ing  the  r e s u l t s  of 
experiments performed under d i f f e r e n t  ambient cond i t ions .  D i rec t  comparisons of t he  
e f f e c t s  of t h e  con t ro l l ed  ope ra t ing  v a r i a b l e s  on o i l  y i e ld  can be  made because the  
e f f e c t s  of changes i n  ambient cond i t ions  on y i e ld  can  be accounted f o r  by these equa- 
t i o n s .  Equation 5 was genera ted  us ing  only c o n t r o l l e d  va r i ab le s - -F i sche r  assay ,  s i ze ,  
a i r  rates,  and recyc le  r a t e s - - t o  p r e d i c t  t h e  o i l  y i e l d  under a proposed s e t  of r e t o r t -  
ing cond i t ions .  This  equa t ion  accounts  f o r  83 percent of t h e  t o t a l  v a r i a t i o n  i n  t h e  
d a t a  and has  a 10-percent chance t h a t  no c o r r e l a t i o n  e x i s t s .  

I n  a l l  f i v e  equat ions  t h e  terms a r e  presented i n  dec reas ing  order  of the  average 
e f f e c t  on t h e  y i e ld  by t h e  v a r i a b l e s  involved. From t h i s  t h e  importance of hea t  loss  
t o  t h e  surroundings dur ing  r e t o r t i n g  can  be observed, i n  t h a t  t he  f i r s t  two terms of 
both equat ions  3 and 4 i nc lude  t h e  ambient temperature.  The s i z e  of t he  r e t o r t e d  \ 

s h a l e  seems t o  have l i t t l e  e f f e c t  on t h e  y i e ld  a s  i t  was not included i n  equat ions  3 
and 5 and w a s  included on ly  as  a c ross -product  i n  equat ion  4.  

The s i z e  terms used i n  t h e  r eg res s ion  ana lyses  of t h e  14 experiments with Colorado 
o i l  s h a l e  were average p a r t i c l e  s i z e s  ranging f r m  4.6 t o  13.4 inches .  
r a t h e r  l imi t ed  range, t he  v a r i a b i l i t y  i n  o i l  y i e l d  a s  a r e s u l t  of changes i n  s i z e  i s  
small. Previous s t u d i e s  by t h e  Bureau of Mines (3) show t h a t ,  al though o i l  y i e l d s  
a r e  n o t  a f f e c t e d  apprec i ab ly  by changes i n  s i z e  of t h e  l a r g e s t  p a r t i c l e s  i n  the sha le  
feed ,  t h e r e  is a f a i r l y  w e l l  de f ined  t r end  f o r  t he  o i l  y i e l d  t o  decrease  wi th  increased 
s i z e .  I n  t h e  present  s tudy  us ing  mine-run s h a l e  wi th  a maximum p a r t i c l e  s i z e  of 20 
inches ,  a somewhat lower o i l  y i e l d  would be expected than w a s  obtained with the gas- 
combustion r e t o r t  (2) opera t ing  on r e l a t i v e l y  narrow p a r t i c l e  s i z e  range charges .  

I 

Over t h i s  

, 

r 

SUMMARY 

This paper f u r t h e r  s u b s t a n t i a t e s  d a t a  presented  e a r l i e r  (A) i n d i c a t i n g  t h a t  r e t o r t -  
ing o i l  s h a l e  ungraded as  t o  s ize  o r  o i l  con ten t  i s  t e c h n i c a l l y  f e a s i b l e .  During 
t h i s  s e r i e s  of experiments on mine-run sha le  having p ieces  up t o  20  inches i n  two 
dimensions, y i e lds  of  up t o  76 percent  of F i sche r  a s say  were a t t a i n e d .  

The s h a l e  o i l s  produced du r ing  t h i s  s e r i e s  of r e t o r t i n g  opera t ions  are s i m i l a r  i n  
appearance t o  o i l s  produced by o t h e r  i n t e r n a l l y  heated r e t o r t s ;  however, t he  o i l s  
produced i n  t h e  10-ton r e t o r t  had a h igher  A P I  grav i ty ,  a lower pour po in t ,  and high- 
e r  percentage  of d i s t i l l a b l e s  than  o i l s  produced i n  o the r  r e t o r t s .  These d i f f e rences  
a l l  make t h e  o i l  produced i n  t h e  10-ton r e t o r t  more d e s i r a b l e  f o r  t r anspor t ing  and 
f u r t h e r  processing. T h e  Wyoming o i l  s h a l e  produced a n  o i l  conta in ing  l e s s  s u l f u r  and 
n i t rogen ,  bu t  t h i s  advantage r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n  before  concluding t h a t  i t  
i s  t y p i c a l .  

Heating the  a i r  and r ecyc le  gas  be fo re  i n j e c t i o n  i n t o  the  r e t o r t  proved t o  be of doubt- 
f u l  va lue  a s  a method t o  inc rease  o i l  y i e lds .  Use of superheated steam a s  a r e t o r t -  
ing  medium a l s o  proved u n s a t i s f a c t o r y .  

I 

r Severa l  equat ions  f o r  p r e d i c t i n g  o i l  y i e l d  from ope ra t ing  v a r i a b l e s  were developed by 
r eg res s ion  a n a l y s i s .  
developed t h a t  accounts f o r  83 percent  of the v a r i a b i l i t y  i n  o i l  y i e l d ;  by inc luding  
ambient condi t ions  i n  the  equa t ion  t h i s  percentage was increased  t o  93. 

Using only  c o n t r o l l e d  ope ra t ing  v a r i a b l e s ,  a n  equat ion  was 
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FIGURE 1. - Schematic diagram of experimental 10-ton retort. 


